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By Richard Scherrer

SUMMARY

Lin epproximate method for dotermining the convective cooling
requircment in the loaminer boundary-layer rcegion of a body of
revolution in high-sncad flight wes developed and applied to an
excmple body. The cocling requirement for the exemple body was
dstermined as ~ function of Mach numbor, altitude, size, and a
surfoce—tempereture paraneter., The meximum valus of Mach number
considercd was 3.0 and the altitudes considered were those within
the lover constant—temporature rogion of the atmosphere
(40,000 to 120,000 f£t). The extont of the larinnr bounder
layer was determined approximately at each condition as a function -
of the vorisbhles considered.

The convective cooling requirefients were found to be small
for the range of Moch numbers considered, but increased rapidly
with increasing'MacH nunber.» »

For thin, fn:r bodie the body length for a completely Jaminar
boundary layer is. of the ordor of moagnitude of 50 feet for moderatb
supersonic Mach numbers (3.0) and mediwm altitudes (100,000 ft).

The results also indicate that cooling o body in high—speed flight
will cause 2 reduction in the friction draé of tne body.

INTRODUCTION

One of the many problens encountered at high spceds is that of
acrodynanic heating due to the comprossion and friction of the
armbient air moving over the surfaces of the aircraft. As an
exomple of ons of the difficultics coused by aerodynamic heating,
1t is nown thot some of the Germen A<l micsiles oxperienced
sufficient heating to causo oxplogion of the fuel tanks prior to
irnpact.
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Several studies were madc of the heating of the warheads on
the A-b and Wasserfall missiles. A study of the heating of the
A-L missile, considering the transient conditions of temperature
and velocity along the missile trajectory, is reported in reference 1.

The problem of determining the theorstical heat-transfer
characteristics of boundary layers dates back to the works of
Pohlhausen (referencg 2) and L. Crocco (refsrence 3). In 1935 and
again in 1938 von Karman treated the subject of heat transfer
through leminar boundary layers. (See references It and 5.) A
study of the heat transfer through a laminar boundary layer to a
flat plate in a compressible fluid is presented in reference 3.
More recently a study was mede of the temperature attained by a
flat plate in a high-spesd air stream at the condition of equilibrium
between the convective heat transfer from the boundary layer to the
plate, and the thermal radiation from the plate to the atmosphere.
(See reference 6.) -

Most of the studies, up to the present time, have been concerned
with the determination of the temperature of =z flat plate or cone
without internal cooling. The results of these studiecs have served
to emphasize the necessity for internal cooling to maintain the
surfaces of supersonic aircraft at temperatures which will not cause
damage to the aircraft structure and pay load, or discomfort to
the occupants.

It is the purpose of this report to present a method for
determining the convective cooling requiremsnts in the laminar
boundary-layer region for any body of revolution in steady supersonic
flight, and to prcsent the results of the application of this method
to a representative body. An estimate of the extent of the laminar
boundary leysr and the effect of heat transfer on the friction drag
coefficient for the example body are also determined.

SYMBOLS

The following symbols have been used in the presentation of
the method and its application:

Cpy friction drag coefficient (Df/%pivlzs),
dimensionless
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c -~ specific heat at constant pressure, Btu.per -
pound, ©F absolute :

Cy specific heat at constant volume, Btu per pound,
°F absolute

Df friction drag, pounds
d maximm body diemeter, feet
e gravitational acceleration, feet per second squared
H altitude, feot
J mechanical equivalent of heat; 778 foot-pounds per Btu
k coefficient of thermal conductivity, Btu.per second,
OF absolute, square foot per foot
L length ratio (1/1,)
1 length of body, feet
M Mach number, dirensionless
n Mach number parameter ( 7—;-'-1%2 ) , dimensionless
P pressure coefficient [(pv~p1)/%plvlzl, dirensionless
Pr 'Prandtls number (cpu/k),. dimensionless
r pressure, pounds per square foot
Q vtotal rate of heat traﬁsfer, Btu per second
Q

z;;7$7§j:§7§total heat—~transfer parameter, Btu per second

q local rate of heat transfer, Btu per secoud, square foot

1/2
q(% local heat~transfer parameter, Btu per second,
' square foot

R gas constdnt, feet per °F absolute
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Rog laﬁinar foundary—layer Reynolds number (oyV8/kg) ,
dimensionless

r radius of body =t ény point, feet

5 frontal area of bvody, squarc foeet

S distance from nose along the axis of the body, feet

T tempercture, °F abeolute

u | tangential velocity at any point within thebboundary layer,

fect mer second

v velocity Just ountside the boundary layer, feet por
sscond
y distance normal to the surface, feet
8 surface temperature parameter [ (Te—Tyv)/(To-Tyv)], dimsnsionless
¥ ratio of spescific héﬂtS. (cp/pv)_
B boundary;iayer thicknesé, fect
8 angle of fhe nése ghock wave with the horizontal, degrees
o absolute viscosity, pound-sccond per sguare foot
o air density; slugs por éﬁbic.foqt ,
g% air'densiﬁy ratio (p/e)
T surface unit éhear, ééuhdé per foot squared

In cddition: the foliowing subscripts.have becn used:

a reference length or alr-dencity

8 body suriocs

v eny point along the body Just outside the boundary layor
x location of o perticular linit of integration along the

length of the body

o] stagnation condition
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1 ambient condition

2 condition at the recr of the nosé wave

8 condition at the nose of the body Just outside the boundary
layexr

THECORY
Method

The following cnalysis is based on the fundamental concept
that the rate of heat transfer, by conduction, either into or out
of any unit of surface ares, by 2 swrounding fluid, is a function
of the temperature gradient in the fluid, and the thermal conductivity
of the fluid, at the surface. In order to obtain the temperature
gradient through o boundary layer, the boundary-layer thickness
must be determined. Therofore, to determine the boundary-layer
thickness, in the procedure of the present report, o knowledge of
tho temperature, velocity, Mach number, and alr density of the
fluid along the surfoce is necessary. The roquired informetion can
be obtained from the pressure distribution over the surface, which
in turn is derived from the shepe and spesed of the body, and the
flight altitude.

Pressure distribution.- For the case of a given body of
revolution in steady supersonic flight, at high altitudes, the
conditions of flight speed and ambient temperature and pressure
will be fixed. If the body has e small nose angle in relation to
the shock weve angle at the nose, its pressure distribution can be
deterrzined by the approximnte method of von Kdfrrfn and Moore.

(S8ee reference T7.) For more blunt bodies, or at higher Mach numbers,
it is necessary to resort to the more complex, but exact, three—
dinensional method of characteristics. (Sse reference 8.)

The air stream approaching the body will undergo an increase
in temperature and pressure upon passing through the nose wave.
The atatic temperature Just aft of the nose wave is glven by the
relation

T, =T, [27Ml sin® 9—(y-1)] [(»-1) M2 gin® 9+2} 1
2 (r+1)3M,% sin® 9 ()




6 NACA TN No. 1300

and the temperature at the nose, Just outside the boundary
layer Ts is given by the isentropic relation

2L

cm /B
Ty = Tz(pz 7 (2)
where
p =1 M2 gin2 e--1> (3)
2 "1\ 6

The pressure pg is obtained directly from the pressure.
distribution for the particular body. The value of the nose wave
angle 8 can be obtained from reforence 9.

Most bodies for supersonic sircraft can be -expected to have
snooth surfaces and fair contours in order to have the minimm possi-
ble drag. The air flow about o well designed body of revolution will
“therefore be shock fres from ~ft of the nose wove to the ronr wave,
and as a result, outsids the doundary layer, the air flow will be
isentropic.

‘ Bocause of the isentropic flow along the body surfacc, the
static tempercture distribution Just outszide the boundary layer can
be czlculated, knowing the static tenperature and przgsure at the
nosc and the pressure distribution, by the use of the isentropic
relation ,

y=—1 i .
(Y7 | (1)

—— 7

Ty =T
2
. \ Pz

The velocity at each point on the body can bs deternined,
knowing the static temperzture distribution, because the encrgy in
the air stream outside the boundary layer will be constant., Therefors,

T, =7,

e —
o v :
2chp
or

V = [20gep(To — Ty) 12 | (6)
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The Mach nnmber?of the air stream Just outéide the boundary layer
M, can be obtained from the results of equations. (4) and (6).

V2

Mv.z ::-m | (l)

Also, with the terperature distribution known, the air density along
the body can be determined by the use of the relation

oy = | @

With the pressure, static termperature, velocity, Mach nwiber and
air-density distributions known, Just outside the boundary layer,
1t is possible to determine the boundary-layer thickness.

Boundary-loyer thickneen .. The general momentun equation for a
laninor boundery layer on a bedy of revolution is shown, in reference
10, to be,in the nomenclature of the present report:

a ) 2 al rs
'?s?' R Eu/o (oyVE — pu )r dy]"v'a; ,L (va—pu)r,dy] (9)

Because most bodies of revolution for supersomic flight can be
expected to be sharp nosed ond have large fineness ratios (of the
order of 10), the dimension s will be measured along the axis
rather than along the surfoce of the body. Equation (9) expressed
nondimensionally, becones

ORI EOMAREON O
1/ S .
ARORSLOTIREONOREE

d&?/

where

7 Su
T, = —
g T Mg Kay )
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In order to solve the forogoing egquation for the boundary-layer
thickness, the change in velocity and air density with distance
normal te the surface must be known. Since at any point on the

body the static pressure will be constant through the boundary layer,
the variation in air density is related to the temperature profils
by the relation

.éi.?. - 95! ‘ (11)

The temperature profile within a laminar boundary layer, with heat
transfer and with Prandtls numbsr sssumed to be unity, is demonstrated
in roference 4, to be given by the relation

T

———

Te | /u\Er=d
= - 1+2’-—Mv2\ -) /“)2 =L 2 (12)

+ 2
v i \ Z TV 4 NV

?lm

To slmplify this expression let

Hlyzen | )
and

-E%vﬁzl-*-ﬁm » (lh‘)
or

Ty — T

=8 =YV .

Bl (15)

with these simplifications, equation (12) becemes

g\‘., l+ﬁm+v[m(l—ﬂ)]-—./u) n (16)

and the air-donsity relation, equation (11), becomes

ov 2
= =1 + Bnm +32 B [m(1-p)] - \V> m | (a7)
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The velocity profile within the boundary layer is asswied to
be linear.

(18)

<ls
1
o

for all values of Mach number and surface temperature pararmeter B,
because the linear profile is a simple, yot reasonable, approximation
of the actual laninar velocity profile at high Mach numbers. Examples
of approximate laminar velocity profiles for various Mach nuribers

and for one very low value of surface termpsrature are shown in
figures 3 and 4 of reference 5.

The morentum equation (10), upon substitution of the lincar
velocity profile relation, becomes

b (L -5 OT®)]

bl \a)

E
z

6/5 {sp G)/; il"’g“v'\% ]d@)}» (29)

Substitution of the density relation, equation (17), into
equation (19), and psrforming the necessary integrations and algcbraic
manipulations, results in the following expression for the boundary—

layer thickness:
A
()

g LT e

a@’:) (20)

_}

A=-1+2+ 805 log, (1+pm) + Fﬂléﬁl.ﬁi log Z
m
. B o |
B = I% + é% loge (l+[3m) + l_Li :I_oge ‘
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b
Nni A \
s log, Va2
,/o . \B/
C=e
. L
Y =} %(lﬂim) + (.'L—(S)ZJ2
and~
7 <l 1- 2 T (-8 +y

) — 1, (p) -2+ 7

The boundary-layer thickness for any length of body at any
altitude can be determined from the calculated values for o fixed
length and altitude when the armbient temperatures are identiczl by
the use of the relation

a=6akc*>§ D (21)

where the subscript a denotes the cglculntlon for a reference
altitude and length.

Rate of heat transfer.— The fundementol expression for the local
rate of convective heat transfer from a unit surface area to or
from o surrounding fluid is

a =k (F) ()

where kg 1is the thermnl conductivity of the fluld adjacent to

the surface and (OT/dy)y is the temperature gradisnt within the.
fluid at the surface. The temperature gradient, in terms of boundary-—
layer thickness, is obtained by the differentiation of the

temperature profile relation (equation (16)) and, when y is

equal tc zero and the lineor profils relation employed, the

expression for the tempsrature gradient becones

(53; =5 n(1-p) | (23)
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and therefore
g =-%lri oy | (2w

By the usc of equation (21), the loecal ratec of heat transfer can be
doternined for many altitude and length conditions when the arbiente
air temperature is constont, with but a single calculution of the
boundary—layer—thlckness dlstribution

-q< - % = (1-8) 0 (29)

With the local rate of heat transfer known for any point on a
body, the totol rnte of hoot transfer or cooling requirement can be
obtained by integrating over the surface of the body. .

>.Q=2ﬂ1 Jpl (—%,d(%) “ : | (26)

or, for the more gemercl czse ; o Lo

- ‘ 2 L
L) 172~ 2 d/ﬂ

(9]

(é'r)

The foregoing equation presumes that the laminar boundary layer
will extend to the stern of the body and that no heat will be
“transferred fron the surface by radiatlon or. along the surface by
,conductlon.‘

Bounddfy—layer transitions— In gchefal the boundary layef on
a soall, fine body flying at high altitudes and at moderate super—

sonic speeds should be lominar. However, the limiting length, altitude

and speed for a complctely laminar boundary layer will have to be

. .=determined for each example consldured.

t

The loautlon of the transitlon point on o surface can be

determined if the boundary-laJer Reynolde nurber for transition 1s
known. The effect of conpre331billty on the growth of the lanminar
- boundary layer is presented in reference 10. As long as the flow
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ie isentropic, incroasce in Moch numbor tend to stabilize the laminar
boundary layer, causing trensition tc occur ot highcr Reynolds
numbers. At slow speede the minimum valuc of boundar;—layer Reynolds
number for transition to occur, using as the charactorietic length
the value of y at u equal to 0.707V, is about 8,000; for the
assumed linear velocity profile, using as the Cﬂ&”ﬁCtOFlSth length
the value of y at u ogqual to V, the value of the boundary-~layer
Reynolds number for transition is 11,300. Bscause no accurate method
of determining the boundary-loyer Rornoldu numboer for transition as
‘a function of Mach number in the supersonic region has been
developed, the best estimate of the value of laminar boundary-loyer
Reynolds number at transition appears to be the value, 11,300,

APPLICATION

In applying the foiregoing method the cooling requircments for
a body of revolution were calculated for o range of Mach numbers
(M = 1.2 to 3.0) and for a rango of surfacc-temperaturc paraweters
(B = 0 to 1.0) for altitudes within the lowor conatant temporature
region of the atmosphere (H = 40,000 to 120,000 f£t}.

A body with a finenees ratio of 10 was selected from reference
11 as being typical of the present design trend for rockeil~powered
missiles. The radius of the body selected, 2t any longitudinal
gstation, is given by the ecquation

Lo2d [(s/1) - (e/1)% ) (28)

where d/1 = 0.1. The contour of the body is shown in figure 1.
Equation (28) defines & body which is pointed at both ends but, for
the purpose of this example, the finenéss ratio. was roduced to 8.8
by cutting off the rear point at 88 percent of the length to allow a
flat base for the power—plant nozzle outlet. The figure of 88
percent was -sclected arbitrarily to obtain o reasonable pressure
recovery. over the after portion of the. body. e =

Prcssure distributions.— Pchsure dlstributlons over the body,
obtained by the method of reference 7, for five Mach nunbers, are
ghown in figuro 2. Exoct values of the presgure at tho nose were
obtained by.using Taylor and Maccollls values for cones. .{See

. reference 9. ) ‘The curves, uscd for all subsequant calculations,

were faired from the exact valucs at the nose to the curves givenh
by the approximate method znd arc shown as deshed lines in figure 2.
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The static temperature, velocity, Mach number, and air-density
distributioéns, Just outside the boundary layer were calculated by
the “use of equations (1) to' (8), assuming the ratio of specific
heats 7y to bé constant. The angle of the .nose wave 6 .in- .
equations (1) and (3) was obtaimed from reference 9, and wused. to.
obtain the value of static temperature :at the noge of - the’ body for
the range of Mach nurbers being .considered. With thedata from
equations (2), (4), (6), (7), and (8) known, the bound%ry;lnyer
‘thickness along the body wo.s calculﬁted. . 4 o

Boundatxnlayer thicknass.~ The boundarjwlayer thlckness for a
given body shape is detcrmined by the- follow1ng voriables:. ;- :

'lr‘ Size of body
.. 2. Flight Mach number
| 3 Altltude
‘hf Rate of heaf tronsfer or surface témpératﬁré

For the purpose:of the calculations, the body was cssuned to be of
unit length and assunied to be flying at an altitude of 40,000 feet
over the range of Mach nurbers (1.2 to 3.0). In order to simplify
the calculations, values of the rete of heat transfer were caleculated
for fixed values of the surface-temperature parameter B rather than
for fixed surfoce temperatures. The result is that the surface
temperature varies to some extent along the body because of the
variation of local pressure. The exact variation in surface ,
temperature with Mach number and surface-terperature parameter for

a flat plate, or the approximate variation for the body, calculated
fron equation (16), considering Ty to be the ambient termperature,
is shown in figure 3. The relation betwsen Mach number and the
surface—tenperature parcneter for a surface tenperature of 520°
Fahrenheit obsolute is shown in figure k.

The boundary—layer thickness was calculated by equation (20)
using the values of abgolute viscosity p takon at the surface
temperature. The calculations were made in successive gteps by
caleulating pach. varisble (A,B,C,Y, and Z) separatcly. The
integrations to. determine the variable_ C. and. the boundary—lajer }
thickness © were. performed graphically.; '

Rate of heat transfor.— The values of boundary-layer thickness
were used in eguation (25) to obtain values of the local heat—transfer
parameter on the body. The value of the alr-density ratio as a
function of altitude is shown in figure 5, based on the air density
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at 40,000 feet for convenience. The results of the heat—transfer
calculatlons are presented in figure 6.in such a manner as to include
the effects of length, altitude, and surface~temperature parameter
for each Mach number. ' ' ' '

The total rate of heat transfer as a function of Mach number and
surface—temperature parameter was obtained by the integration over
the surface of the body. The total heat—transfer parameter is
presented in figure 7 with the curve of figure I cross—plotted to
indicate the cooling required to maintain an average surface
temperature of 520° Fahrenheit absolute.

Boundary—layer transition.— The location of the transition point
for a 100-foot—-long body was determined by calculating the boundary-—
layer Reynolds number using the local velues of air density and
viscosity, velocity, and boundary-layer thicknmess. The transition
points were picked from curves of boundary-layer Reynolds number
vorsus length and are shown as & function of Mach number and altitude
for two values of the surface~temperature parameter in figure 8. The
body length for a completely laminar boundary layer as a function of
altitude, Mach number, and surface~temperature parameter is, shown
in figure 9. The curve of figure 4 is again cross—plottud to. indicate
the effect of a constant surface temperature.

Friction drag.— The friction-drag coofficient of the body, based
on the frontal area, was calculated by considering the momentum loss
in the boundary layer at the stern and is shown plotted against Mach
number and surface-temperature parameter in figure 10. The effect of
a constant surface temperature is again illustrated. :

Example.— As an exumple of the appllcatlon.of the foreg01ng

genuralcurvesto a specific. body, approx1mhtely the size of thb A-h
missile, assume: _

1 = 50 foo
H  =100,000 feet - | )
Ts = 520 Fahrenh01t absoluto
av
M variable

The required cooling rate for this example from the data of figure 7
ag a function of Mach number, is shown in figure 1l. - Also, from
figure 9, the boundary layer will probably be completely laminar up
to Mach numbers greater than those considered herein,
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DISCUSSION . .. : = - -
‘Results

The rosults of the application of the foregoing analysis tu a
particular body are presented in figures 6 to 1l. Althoigh the ro
sults were obtained for a body of a specific shape, the general
conclusions obtained are believed to be applicable to all fine,
srooth and fair. bodies cf rovolutlon in steady suporsonic flight.

The local rate of heat’ transfcr is shown to approach infinity
at the nose of the. body (fig. 6), dbut ot the stern, the local ratc
of heat transfor is smnll. The cooling requirement; for a fixed
velue of surface-ternperature parameter increases rapidly with .
increasing Mach number (fig. 7), until, at. the highest Mach number
(M = 3.0) ond at the maximum rate of heut transfer considered (B = 0),
the rate of incrcese becomes almost constant. However, for a fixed
© value of surface temperature, the cooling requirement 1ncreasos even
.more rapidly with Mach numbsr.

The location of the tr.nsition point on o body with a basic
length of 100 feet for the conditions of zero and maxinun rates of
heat transfer, as a function of altitude and Mach number is shown in
 figure 8, The rats of changs of thc position of transitidnm with
~altitude becomes less with incroasing altitude because of the
increased rate of boundary-layer growth in the adverse pressure
- gradient over the ‘after portion of the body. Thercfore, if the. after
portion of ‘the body is considered to be uncooled, the maximum body
length for the condition of a laminar boundary layor up to the edge
of the uncooled portion will be markedly greoter than the maximynm .
body length for the condition of a completely laminur boundary layer.

" The wssumption of a fixed value of boundery~layer Reynolds
nuwber, for transition is idontical to assuriing a fixed degree of
stability for the laminnr boundary layer, 4s a result of this’
assumption the transition point, for a given. Mach number, tends to
move forward on the body with incréasing rotes of heat transfer
because the boundary-layer Rcynolds number at a given point on the
body increasses with increasing heat transfer due to the effect of
‘surface temperaturc on the local kinemntic vis0031ty.

When transition occurs from a laninar to a turbulent flow in tho
boundary layer, the.heat transfetr aft of the transition point will
increase abruptly. It is possible  that forward nmovement of the.’ C
transition point on the body of the A-b missile, during the latter
portion Qf 1ts trajectory, may have been a contributing cause to
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the previously mentioned explosions of the fuel tanks.

When the length, speed, and altitude conditions arc such that
the boundary-layer Reynolds numbers become smoll, lominar separation
is likely to occur over the rear portion of the”body. However,
becausé laminar separation is equivalent to an abrupt thickening of
the boundary layer, the convective heat transfor from the boundary
layer to the body will decrcase in the separated reglon.

Because of the markcd increase in heat transfer at transition
or the marked reduction at laminar soparation, the curves of figure 7
are only applicablc when a completely laninor boundary layer cxists
on tho body. -However, the resultis prcsonted in figure 6 are zpplicable
over the forward portion of the body aft to the transition or separation
point for all casce within the range of variables for which the
calculations were made. Ths curves presented 1n'figuru 9 indicate
the conditions of length altitude, Mach numbor, end surface— .
tenperature parameter which satisfy the condition of transition for
a completely laminar boundary laoyer. The curve of figure 4 is
crogs-plotted to indicate the condit*on° for o givnn value of surface
tcmperature. :

Although the primary purposs cf coollng a body in high—speed
flight is to make it habitablo and to prevent damage to the structure
and pay lood, cooling has a norked effect on the friction drag of
the body. By cooling the body, the viscosity of the air adjacent to
its surface is reduced, in turn decreasing the surface shear stress.
The effect of cooling on the friction drag coefficiont of the example
body, as a function of Mach number, is shown in figure 10. At a
Mach number of 3.0 the friction drag coefficisnt can be reduced by
over 30 percont by coollng the body from stagnation temperature to
a Genperature of 520 Fahrenheit absolute. Although the friction
drag usually reprosents only port of the total drag of a body at
supersonic specds, such a reduction in drag woula still be advuntageous.

The cooling requirement or required rate of heat transfvr,
for an exarple body anprox*mﬁtely tho gize of the Germon A~k missile
is proscnted in figure 11 as a function of Mach nurber. It should be
noted that no cooling is required at speeds up:to a Mach number of
1.25, but the required cooling increases rapldly with increasing Mach
numboer. - e

.For bodies less finc than the example considored and for those
with loss feir contours the cooling requirenents can be expected to
be greater than those presented herein, For more blunt bodies the
increased cdverse velocity gradient at the stern will probabdbly cause
transition to occur at lower flight Reynolds numbers,while the
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increased favorable velocity gradient over the nose should promote
thinner laminar boundary layers and consequently greater cooling
requirements in this region.

Review of Assumptions

In order to make possible the development of the method -
presented herein, certain simplifying assumptions were necessary.
It was assumed in the analysis that the boundary-laysr velocity
profile was linear for all Mach numbers and all rates of heat
transfer. However, it has been shown in reference 5 that the laminar
boundary laye: does approach the assumed profile as the Mach number
‘ig-increased. The effect of cooling at low Mach numbers (subsonic)
is to decrease the linearity of the velocity profile, but as ths
Mach number is increased this latier effect becomes less marked.

It was assumed in the analysis that rediation could be neglected
because in relation to the convective heat transfer, at least at
the lower values of surface-~temperature parameter, the radiant heat
transfer would be small. However, if the aircraft, which is to be
cooled, is designed with a thick outer surface of low thermal
conductivity, the surface~tempsrature vparameter will not be small,
and, at higher Mach numbers, radiation must be considered.

It was assumed that the effects of hsat conduction in the surface
and its supperting structure could be neglected. In steady flight,
the internal structure of a body would be at the same temperature
as the surface; therefore, if a system were designed to give a
constant skin temperature, there would be no internal heat conduction.

‘It was assumed that Prandtl's number is unity in order to prevent
the analysis from becoming excessively complicated. Although it is
known that this assumption reduces the accuracy of the results, its
effect is believed to be smgll. It was also assumed that the ratio
of specific heats was constant with changes in temperaturs. The
effect of this assumption on the results of the anaslysis over the
range of Mach numbers ccnsidered is negligible.

CONCLUSIONS

The following conclusions can be drawn from the results obtained
from the application of the method developed herein:
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1. The convective cooling requirements for a body of revolu—
tion in steady supersonic flight at medium altitudes (40,000 to
120,000 ft) with a completely laminar boundary layer are small for
the range of Mach numbers considered (1.2 to 3.0) but increase
rapidly with increasing Mach numbexr.

2. For thin, fair bodies of revolution, the body length for a
completely laminar boundary layer is of the order of 50 feet for
moderate flight Mach number (3.0) and medium altitudes (100,000 ft).

3. Cobling a body'in'highwspeed flight will cause a reduction
in the friction drag of the body. , . '

. Ameg Aeronaﬁtical Laboratory,
National Adviscry Committee for Aeromautics,
Moffett Field, Calif., February 1947.
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Figs. 7,8a

0oLl 40 NOLLSNYIL dos

W3 UAN SATONAZI  JIAVT KAVaAnNNo8 Vv

GNY 1334 OOl 40 WLON3IN AdOQ Vv 303

ATGUON WONK  ONY  2AALILV 40 NOWONIL

Y SY NOLLONOAZY 40 AGOQ V¥ NO _LNiod
NOLLISNVIL 3HL 30 NOILYO0T IHL = 8 33N

ol = m (o) . .
% uﬁﬂ:nw%mﬂ%gmﬂno:«n
ol e 9 v T o
sl e e o
\ \ b
V7 , 2
/4 o
\\ / F
\ s.m
&
2
o2 m___
b

“AIBHNAN
HOVW GNYV A2 13IWVIAVE 3JNIVAIAIWEL
FOVAINS HItM  IBLIUVWIVY  3I4SNVAL
AV3EH WLO0L ™M NOLLVWIYVA 3vL L~ 3ANBIA

g - WILIUYIVE TUNLVIIIWIL 2Ov43NS

o) 4 9 v z )
[ O
/ /'/_/ >
// : //l
/ / |
o.»erZ
X 4
hV
[o)
) AN
5 N
}/ €
N

A T
.
\ .

S8, 025 « BANLVIIIWIL =
(3 P ——]
FIVAVNS IOVIINV

1 9

~ FALTUVAVYA ITASNVYIL LVIH "WIOL

3(eD)

o

“7

. R
33<:/mS




Figs. 8b,9

NACA TN No. 1320

‘O0¢’Il 40  NOILISNVAL LYy
IFAJUNN  SATIONAZI  ATAYY A3YANNOY V¥V Jod
A3L3UVIVE  IINLYIRIWIL  FOY=INS  ANY

"YIAWON  HOVK' FQAALILANY  HUM  33AVT Q30ATVN0D - '8 JANDIA
AIVANOOR AYNIUYT X3LIVdWOd ¥V dod
HIZ2N31 LQ0@ 40 NOLLVINVA 3wl ‘b - NN o =9 C))

SOILAVNOMAY HOL

§-3313W VIV TIAVATWIL  INVLANS TILIIRNOD R¥OSIAQY TYROLIVR .
ol & 9 4 T ° o1 s 9 v r )
Q
N A v
\ T
M 3 ] \.\\\
™, 025 = I¥aLVITAWAL @.,\ e\4
35Y43¥0s  39VAIAY g Z Ol
o/ ] i
1 \ \\ 7
| O'¢ \\“&\ \v ! \\ \
e s L
YR - \\ \\\\
Nisk // §
=—— e /
_
a

4334 40 SANYSNOHL 'Y - Faniiday



NACA TN No. 1300

Figs. 10,11

"lad 000'00t 40 3ANLLAY
NY GNY ¢TS4 ops 40 3JdAUVIAIWAL

aw4YAS TASVAAAY NV ‘1334 as 40 *¥ILIW VAV
HIONTT M09 Y 304 FIWWNAN WOVW 30 F3MLVI3clal  30V43NS  QNY " PIQUON
NOWOSfind ¥ SV AQod  3dWuxa Idd SGIONATY 'JIFGUON WOV HUM  LNIAAIA00
d04 IVE HM00Y G3INGIY IHL - i 330914 ov3a NolLorad 30 NOILLVIZVA RWL - O 33004
S0ILNVNONIY uOL
AIGUAN  HOVW . . TILLIMNOO IUMOBIAQY TYROILIVA W~ AFGUON HovK
V43 ¥4 2 oz 9 21 € Y vz 02 9 T\ 80
vz B
\\ QN
o
7
0!1 e R4y
-4 ln_[ / o
> — ~ R
(o] —
» —1 52° T~ =
) o4 ] / —
\\ x B L1050 e . ~
o
n T 59 et =~ oy
v g S, 025 = 3NLVAUISHEL
\ e/n 2DY4ANS AOYAIAY
y x 144
\ 0
=z
‘of O




